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Introduction
Magnetic-levitated actuators, with the advantages of no mechanical contact, no wear, no lubrication and controllable bearing characteristics, are the crucial components of the equipment, such as turbine machine, vacuum pump, high-end manufacturing facilities and attitude control gyroscope of spacecraft [1, 2] . The common forms of magnetic-levitated actuators are MLPAs (magnetic-levitated planar actuators) [1, 3, 4] , widely used in 6 degrees-of-freedom (DOF) ultraprecision stage [5] [6] [7] [8] for planar motion, while the magnetic bearings are the other forms of magneticlevitated actuators for rotational motion application.
Power amplifier (PA) is the energy conversion part of an active magnetic-levitated system, which provides the desired current in the electromagnetic coil to generate the desired electromagnetic forces. Precision characteristics are the crucial performance indicators of PA [2] . The insufficient precision of PA will increase the nonlinearity in the magnetic bearing system [2] , and meanwhile cause the unbalanced electromagnetic force and the mechanical vibration of the rotor, resulting in instability of the high-speed rotor which will be out of the controllable range [2, 4] . PA in magnetic bearing system can be regarded as the current tracking control system, and DSPA (digital switching power amplifier) is the most common form. Compared with analog control, the digital control provides many advantages, such as the ability to decrease the disturbances in the analog signals, and to operate more complex arithmetic, more robustness against aging and environment variation [9] . However, digital control results in inherent time delays simultaneously, and the too large phase shift even endangers the system stability [9] . Furthermore, the nonlinear factors, such as pulse width modulation (PWM), switching and delay in power devices, and noise and drift in analog devices, make it difficult to establish an accurate model of DSPA.
Some control strategies, e.g. dead beat control [10, 11] , predictive control [12, 13] , and repetitive control [14, 15] have been proposed to compensate the delays in digital close loop, and nearly achieve zero current error in theory [9] . However, the control strategies above are sensitive to system parameter variations, which means that the uncertainty in model will cause the uncertainty in output performance, endangering the overall stability, especially for the systems with redundant supporting structures [16, 17] .
CONTACT Xin Cheng chengx@whut.edu.cn *These authors contributed equally to this work.
The precision characteristics of DSPA can be affected by many factors, such as bus voltage, coil constant, modulation frequency, sampling rate, and coefficients in current controller, and some modelling approaches have been proposed to help to analyze them. The electromagnetic force can be linearized when the position error of rotor is maintained in a relatively small range, wherein the DSPA can be equivalent to proportional component [18] . Or according to the approximate relationship between input and output, we can simplify the PA system to an equivalent mathematical model [19] . These kinds of simplified model can only approximately describe the output characteristics of the PA, and can be used in some robust methods [20] , which can be more tolerant to the model uncertainty or error. Overall, the efforts of the controller can maintain the current tracking error in a reasonable range, and a relatively accurate model or advanced control strategies can help to improve the tracking error. However, even when the tracking error in controller is 1 digital LSB (least significant bit), the actual current error still exists, and can be affected by the errors from the current detection circuit and modulation.
Therefore, the theoretical approaches at present are not accurate enough to describe the precision characteristics of the DSPA. In this paper, we analyze the formation of the precision characteristics of DSPA, and then discuss the influence mechanism of main factors to the precision of output current. Finally, we establish an experimental platform to verify the accuracy of the approach proposed in this paper.
Influencing factors of the precision characteristics of the DSPA
Precision characteristics of the DSPA are described through the ripple DI, and drift I b of the output current. The former refers to the high-order harmonic components in the output current, while the latter refers to drift value between the actual value and desired value, as shown in Figure 1 . Block diagram of the DSPA in magnetic bearing is shown in Figure 2 , and a half-bridge structure is usually adapted to generate a unidirectional current. The commands to DSPA come from the upper position controller, while e(t) is the error between the values of the command and the feedback. The operation of controller, realized in DSP (digital signal processor), will output the result to control the duty ratio of PWM module. T 1 and T 2 , respectively, drive the upper and lower sides of the power bridge, with the duty ratio implied in them controlling the change of current in the load coil, and providing the output of the controlled current.
From Figure 2 , the controller will try to decrease the error e(t) to make the output current can follow the command under the effects of feedback control. Neglecting the small precision loss caused by digital signal processing, the other influencing factors of precision characteristics of DSPA in the actual implementation can be expressed as three types:
(1) The error e(t) of control loop. The range of e(t) depends on the control strategies and the coefficients. Although the nonlinearities and model uncertainty exist, we still can maintain the steady state e(t) as the LSB equivalent. (2) Inherent ripple characteristic. This Inherent characteristic is the fluctuation of the output current caused by the bus voltage in each switching period, and mainly decided by the switching frequency, the topology of the power circuit, and the time constant of electromagnetic coil in the magnetic system. (3) Precision loss caused by current detection circuit.
The current detection of DPSA includes current sensor, operation amplifiers and relevant circuits. The noise and offset will affect the precision of current detection. The noise in the current detection circuit will be added to the output current ripple DI, while the offset will affect the drift I b .
Formation of the precision characteristics
Formation of the precision characteristics of the DSPA depends on the interaction of the three types of factor in Section 2, as shown in formula (1) .
where Di inherent , Di ctrl_err and Di det_err are, respectively, the output current ripple components caused by inherent ripple characteristic, error in control loop and error
Desired value drift Actual value Ripple Figure 1 . The ripple and drift of output current of DSPA. in the current detection circuit. In the actual application, we found that if we can maintain both the errors in control loop and current detection circuit below a relatively lower value (for example, 1% of the value of inherent ripple characteristic), the total output current ripple will be very close to the inherent ripple characteristic, as in formula (2) .
We can develop the design approaches as follows:
(1) Based on the inherent ripple characteristic of DSPA, building the power circuit architecture, including the topology, bus voltage and switching frequency, etc., according to the desired output current precision. (2) With the constraint of the 1% of the inherent ripple value, designing the current detection circuits. (3) Selecting the proper controller coefficients to make the e(t) within a limited range.
The above ideas make the errors in control loop and current detection circuit not become the dominant factors of the formation of precision characteristics, and therefore, we can use the inherent characteristics to describe the output precision of DSPA nearly. The key points of the above ideas are: (1) the impact of multiple factors on the inherent characteristics; (2) analysis of relationship between formation of overall output precision and accuracy in current detection.
Inherent ripple characteristic
Now we analyze the inherent ripple characteristic according to the specific topology structure of the power circuit, as shown in Figure 3 . Q 1 , Q 2 and D 1 , D 2 are the switch tubes and the freewheeling diodes, respectively. The electromagnetic coil is equivalent to resistor r and inductance L. Under two-level modulation, the bridge drive signals T 1 and T 2 will be enabled simultaneously, making the U AB switched between U d and ¡U d , when the bus voltage is U d , while under three-level modulation, only the duty ratio of T 1 and T 2 is the same, but the 180 degrees phase difference exists, making the U AB switched among U d , 0 and ¡U d .
For the time constant t ) T, we can use simplified line (actually should be exponential curve) to describe the current change in modulation cycle, as in Figure 4 , where U on and U D are the conduction voltage drop of switch tube and freewheeling diode, respectively.
i MAX and i MIN in Figure 4 are the maximum and minimum current in steady state. With the definitions of average current i 0 , modulation period T and the ripple current Di, we can have
From Figure 4 ,
For time constant t ) T, we simplify formulas (4) and (5) using Taylor series as Combining formulas (4)- (6), one can write
And,
The ripple current is
By substituting (8) into (9), one can write
Ignoring the U on , U D and i 0 r, one can write
where f s is the modulation frequency. Under three-level modulation, theoretically, the current in electromagnetic coil can maintain a constant value by constructing a return based on freewheeling diodes and power source, while the duty ratio of the PWM will be 50% as in Figure 5 . However, with the resistor existing and leakage current in freewheeling loop, the current value will decrease slowly, as in Figure 6 . Therefore, in a half-modulation period, T 1 and T 2 will be simultaneously enabled in a very short period of time (for example, 0-t 1 ) under feedback control, to maintain the average value of current as a constant when tracking a constant current command. Similar with the two-level modulation, the current in electromagnetic coil can be expressed as
For t ) T, one can write
The ripple current is By substituting (16) into (17), one can write
For U d is much bigger than U on , U D and i 0 r, one can write
From formulas (11) and (19) , it can be known that the inherent ripple characteristic originates from the current fluctuation in the modulation period, influenced by the factors such as coil constant, bus voltage, modulation frequency, and topology mainly.
Errors in current detection circuit
As in Figure 7 , by using current sensor and sampling resistor, the current in electromagnetic coil has been sampled and then outputted to the ADC (analogdigital converter) after filtering, bias and gain adjustment.
As in formula (20) , G t is the current sensor attenuation ratio, R sense is the precise sampling resistor, G op is the total gain of the amplifier circuit, and V c is the output of current detection.
The following factors will cause the losses of precision: (1) noise and drift in circuit will cause the current ripple Di and offset I b . (2) G t , R sense and G op will cause the gain error of detection circuit. (3) ADC has quantization error and nonlinear error.
Noise and drift in analog circuit
Analog noise is derived from the irregular movement of internal carrier of the device. Noise in the circuit is usually composed of various noise types, and it is difficult to separate the impacts of different types of noise. Usually, the noise model in the analog circuit is established by using the noise of voltage and current. The total noise output is the sum of the root mean square of each noise amplitude. For the circuit with resistor and amplifier, the total noise is the superposition of thermal noise of resistor and the noises of amplifier voltage and current.
The resistor thermal noise voltage is shown in formula (21), where K is the Boltzmann constant, T is the absolute temperature, and B is the frequency bandwidth (Hz). Thermal noise power and thermal noise voltage are as formulas (22) and (23), respectively. Figure 8 illustrates the noise model of basic operational amplifier circuit. E n is the voltage noise connected to the positive input, while i np and i nn are the current sources connected to positive and negative input, respectively, to describe the current noises.
Formulas (24) and (25) describe the thermal noises and noise of operational amplifier, respectively, and we can have the total noise in formula (26).
Drift in analog circuit mainly comes from the impedance matching failure and operational amplifier offset. The former can be solved by impedance isolation, while the latter model is shown in Figure 9 . The final noise and drift in the multistage amplifier circuit will be amplified and accumulated step by step because of these gains at all levels.
Due to the asymmetry of the differential input of operational amplifier, offset voltage V io and static bias current i bp and i bn will cause the inherent output offset, as in formula (27), where usually R 3 ¼ R 1 ==R 2 , and i io is the current offset caused by unbalanced static current.
Besides, common mode voltage and voltage fluctuation of the power will cause the other offsets, as DV CM and DV S in formula (28). The above two effects are added to the conventional offset voltage V iocon by the CMRR (common-mode rejection ratio) and PSRR (power supply rejection ratio).
Error form ADC
The analog-to-digital conversion has two processes: (1) sampling process, the discrete sampling of the analog signal; (2) quantization process, means digital expression of analog signal. There are quantization error and nonlinear error. The former is the main error, which decreases with the resolution of ADC device increasing; the latter is caused by factors such as offset error, gain error, integral linear error, differential linear error, temperature drift, and so on. High-resolution devices can be selected to meet the application requirements; furthermore, calibration can be carried out to improve the accuracy. The ideal characteristics of ADC are shown in formula (29), and U n is the input voltage to be sampled, U REF is the reference voltage, a x is the digital output of conversion.
A first-order model is often used to describe the real ADC input and output characteristic, as in formula (30), where K is the gain, DU is the offset, as shown in Figure 10 .
Calibration of whole current detection circuit
In formula (20) , the inaccuracy of the resistors will cause the precision loss of R sense and G op , while current sensor will cause error in G t . Furthermore, the magnetic flux leakage caused by magnetic core material and structure will lead to gain error and inherent drift. By data fitting of the input and output data of current sensor, we can get a more accurate sensor model to correct the gain error and drift in current detection.
Experimental results and analysis
The experimental platform is shown in Figure 11 . Power filter was designed to maintain the bus voltage stable and prevent switching noise transmitting into the power supply. A current control loop was designed based on DSP. Load was 4.528 mH, 1.6 V.
Noise and drift analysis
It is an effective way to adopt high-precision operational amplifiers to reduce the noise and drift in the circuit detection circuit. According to the circuit in Figure 6 , the performance parameters of selected operational amplifiers are shown in Table 1 .
From Table 1 and formula (31), V os1 = V os2 = 10 mV, the value of R 1 and R 2 are 2 kV, and the total voltage drift V os in current detection circuit is 30 mV.
Design bandwidth of amplifier system is 2000 Hz. From Table 1 , the current noise density is relatively small, and can be ignored. Therefore, the total noise in circuit is mainly caused by the voltage noise, and formulas (32) and (33) describe the noise of OP 1 and OP 2 , respectively, in Figure 6 . Formula (34) describes the thermal noise of a 2 kV resistor.
Total noise ETrms of the current detection circuit can be approximated by formula (35),
Setting the range of actual current sampling circuit as 0-10 V, the output current of the PA will be 0-10 A accordingly, with the coefficient is 1 A/V. So 30 mV drift and 0.874 mV noise in current detecting circuit will cause 30 mA drift and 0.874 mA ripple of current ripple, which are small enough obviously (less than 1% of the inherent ripple characteristic at vast majority of cases).
Calibration of ADC
According to formula (30), the calibration circuit in Figure 12 is designed to fit the sampling results of ADC, considering that the DAC is easy to output highprecision analog signal.
The actual calibration equation is
where D in is the digital output of the ADC, and D out is the result after calibration. As shown in Figure 13 , the input-output characteristic is nearly ideal all over the input range after calibration. Error distribution between theoretical and actual values after calibration is shown in Figure 14 . For the input range is 0-10 V range, and under 16-bit resolution, the error is around §8 LSB, leading to the actual Figure 12 . Calibration of analog-digital converter. Figure 13 . AD input-output characteristic after calibration. resolution of 1.2 mV, corresponding to 1.2 mA current detection accuracy.
Precision test under different conditions
The drift under different conditions is shown in Figure 15 , with the bus voltage of 80 V and modulation frequency of 20 kHz. The drift is below 10 mA, with no obvious change under different output current condition.
To test the ripple performance, by setting modulation frequency as 20,000 Hz, we compared the values of theoretical inherent current ripple and average actual ripple, as shown in Figure 16 under different bus voltage. Furthermore, the error between actual output current ripple and inherent characteristic is shown in Figure 19 . Figures 17 and 18 illustrate the actual ripple current waveforms measured by oscilloscope in tracking a step command. We can measure the values of actual ripple current, and then compare with theoretical calculation of inherent characteristic in formula (11) as in Figures 16 and 19-21 .
Then, considering the performance under difference modulation frequency, we set the bus voltage as 50 V, and compared the values of theoretical inherent current ripple and average actual ripple, as shown in Figure 20 , with the corresponding error shown in Figure 21 .
Once the magnetic coil of the magnetic bearing is selected, it means the fixed coil constant. On the whole, it seems that there is no obvious change of this error when the bus voltage and modulation frequency change, which means the inherent characteristic is reliable to express the precision characteristics under the approaches discussed in this paper if the other factors, such as sampling precision, noise and drift, and the calibration of current detection circuit solved well.
Conclusion
(1) Precision characteristics of DSPA can be expressed through the output ripple and drift characteristic, and will be influenced by factors such as inherent ripple characteristic and noise and drift in current detection circuit. (2) Inherent ripple characteristic of DSPA is determined by bus voltage, modulation mode, modulation frequency and the constant of coil, as shown in formula (4), which is the decisive factor of realization of output precision. (3) By suppressing the analog noise and drift, and improving the precision of current detection circuit, the approaches discussed can describe the formation of precision characteristics by theoretical calculation of inherent ripple characteristic even under different bus voltage and modulation frequency.
Disclosure statement
No potential conflict of interest was reported by the authors. 
